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We Doppler cool barium ions in mixed barium-ytterbium chains confined in a linear RF trap and
measure the motional average occupation quantum numbers of all radial normal modes. The full
set of orderings in a chain of two barium and two ytterbium ions have been probed, and we show
that the average thermal occupation number for all chain configurations strongly depends on the
trap aspect ratio. We demonstrate efficient sympathetic cooling of all radial normal modes for the
trap aspect ratio of 2.9.
PACS numbers:
I. INTRODUCTION
Scalable quantum computing with trapped atomic
ions requires keeping the ions near the quantum mo-
tional ground state during the entire computation[1].
Direct laser cooling of the qubit ions cannot be ap-
plied as it involves spontaneous emission. Further, Bell-
measurement schemes for remote entanglement[2, 3] in-
volve resonant excitation, and crosstalk between the
ions used for remote entanglement and their neighbors
leads to decoherence. In a mixed-species chain [4, 5],
one ion species can be used as the utility species,
while the other as the logic species. The former is
used for cooling the entire ion chain and for remote
entanglement generation, and the latter is used for
local quantum information storage and manipulation.
Tight focusing of the relevant laser beams can limit
the processes to subsets of ions, but beam quality must
be very high to keep crosstalk low enough for practical
computation. Alternatively, in a mixed species scheme,
one ion species (the “logic” species) is used for infor-
mation processing while the other species (the “util-
ity” species) is used to perform the dissipative operations.
Because of large spectral separation, the logic species’ in-
ternal states are unperturbed even if light that is reso-
nant with the utility species is shone on the entire chain.
Same-element mixed species schemes using differing
isotopes have been proposed [6–8] as well as cooling
only some ions in the chain[6], but off-resonant scat-
tering of the cooling laser light by the logic species is
significant[9][10], so species with large spectral shifts
are preferable[11]. However, if species of two differ-
ent elements are instead used, the large mass differ-
ence can cause the motion of the two species to become
decoupled, which impairs sympathetic cooling and ele-
ment swapping operations [12]. Barium (Ba) and yt-
terbium (Yb) atomic ions have a relatively small mass
difference of approximately 25%, and thus represent
a promising choice of the utility/logic ion pair. For
scaling to larger trapped ion quantum processors, ra-
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dial modes are preferred to axial modes for local gates
[13, 14]. Using radial modes offers several advantages:
higher frequencies allow faster gate speeds, addressing
chains with lasers perpendicular to the ion chain axis
relaxes somewhat the requirements on beam focusing,
and gate infidelity due to ions’ thermal motion is re-
duced by a factor up to (ωradialωaxial )
6, where the ω’s are cen-
ter of mass trap frequencies in the given direction [15].
Unfortunately, mixed species chains’ radial modes are
decoupled for typical trapping parameters due to the
species’ mass difference [12]. Coupling can be charac-
terized by the largest eigenvector component for each
species in a given mode, max(βij), where βij is the eigen-
vector component of the jth ion of the species in the ith
mode. The coupling is important for both cooling and
local quantum gates, as the rate of sympathetic cooling
and the speed of the gates both scale as max(βij) [16].
In this paper, we demonstrate efficient sympathetic
cooling and good radial vibrational mode coupling in
four-ion barium-ytterbium ion chains confined in a linear
RF trap. We use Ba+ as a thermometer and find that
the coupling for each normal mode depends strongly on
the trap aspect ratio. In the strongly coupled case, occu-
pation numbers are consistent with the Doppler cooling
limit, while in the weakly coupled case the occupation
numbers are one to two orders of magnitude higher.
II. THEORY
We measure our chains’ radial motional occupation
numbers by measuring the strength of the ∆n = 1 ra-
dial motional sidebands of Ba+ narrow 6S1/2 − 5D5/2
“shelving” transition near 1762 nm (see Figure 1), rela-
tive to the strength of the carrier transition. The Rabi
frequency Ωij for the ∆n = 1 sideband of ith normal
mode for the jth ion in the chain is:
Ωij =
√
ni + 1βijηiΩj , (1)
where ni is the radial motional occupation number for
the ith mode, βij is the matrix element of the normal
mode eigenvector component for the ith mode and jth
ion, ηj is the Lamb-Dicke parameter, and Ωj is the carrier
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2Rabi frequency (we allow for spatial dependence of the
carrier Rabi frequency due to laser beam intensity vari-
ation). Each ions’ ordering has a different normal mode
decomposition, with both different eigenvectors and dif-
ferent frequencies, so a particular order is maintained for
the full duration of an experiment.
To estimate normal mode occupation numbers, we cal-
culate the vibrational mode structure of our chains. We
numerically calculate the normal mode frequencies and
eigenvectors for each unique ordering of the ions in the
chain. We find that mode frequencies are clustered in the
radial spectrum: modes strongly coupled to barium (yt-
terbium) motion are near the single barium (ytterbium)
radial secular frequency.
To find the radial normal modes frequencies we first
consider only the axial direction (z-axis). We minimize
the potential energy of the ions to find the equilibrium
ion positions in axial direction assuming x and y position
of the chain to be zero. One might worry about incor-
rectly restricting the chain to one dimension, but we can
observe and avoid the zig-zag transition in our calcula-
tion because it is marked by the softening of the lowest
transverse vibrational mode to zero frequency. Once we
find the equilibrium positions, we expand the full trap po-
tential around these equilibrium ion positions to find the
normal mode frequencies and eigenvector magnitudes.
An example of the numerical calculation for the eigen-
vector magnitudes as a function of the trap aspect ra-
tio in a chain of two barium and two ytterbium ions is
shown in Figure 2. Here the chain order is Ba-Yb-Ba-Yb
(BYBY), and we plot the eigenvector magnitudes for the
second barium ion x-direction. The strong dependence
of the normal mode coupling on the trap aspect ratio
can be readily seen. The same trend was observed for all
possible chain orders.
FIG. 1: Ba+ energy level diagram. The 493 nm fluorescence
from the ions is imaged onto the EMCCD camera. The ion
decays from the 6P1/2 excited state to the 5D3/2 metastable
state with a branching fraction of 0.25, and the 650 nm is used
to quickly repump from this long-lived state. The 1762 nm
laser coherently drives the ion into the 5D5/2 state where it is
“shelved” and does not participate in the cooling cycle. The
614 nm laser is used to quickly de-shelve the ion.
FIG. 2: (Color online) Eigenvector components of one Ba+
ion for all four radial modes along the x principal axis of the
trap. The left cutoff is the edge of the zig-zag transition. The
two normal modes with larger eigenvectors (red and green
lines labeled “Barium”) couple more strongly to the barium
ion motion, while the two normal modes with smaller eigen-
vectors (blue and yellow lines labeled “Ytterbium”) couple
weakly. As the trap aspect ratio increases, the smaller eigen-
vector components for this ion decrease leading to even weaker
coupling.
To extract the average occupation numbers of differ-
ent radial modes in the ion chain of N ions, we calculate
the transition probability Pj for ion j using the Rabi fre-
quency from eqn. 1, and sum over over both the full
occupation number distribution and over all radial nor-
mal modes in the spectrum. Assuming thermal state, we
have:
Pj =
2N∑
i=1
∞∑
n=0
1
n¯i + 1
(
n¯i
n¯i + 1
)n
sin2(Ωijt/2), (2)
where n¯i is the given mode’s average occupation num-
ber, and t is the 1762 nm laser exposure time.
III. APPARATUS
The mixed species chain measurements are carried out
in a linear RF trap similar to that described in [17].
Species-selective photoionization techniques are used to
load both 138Ba+ and 174Yb+, where barium is Doppler
cooled on the 6S1/2−6P1/2 transition with a 986 nm Ex-
tended Cavity Diode Laser (ECDL) frequency doubled
to produce 493 nm light. An applied 5 gauss magnetic
field prevents the creation of the dark states. The 6P1/2
level decays to the metastable 5D3/2 level with a branch-
ing ratio of 0.25, so a 650 nm ECDL is used to pump the
population out of this state. All relevant transitions and
energy levels of Ba+ are shown in Figure 1. Ytterbium
is not directly laser-cooled, but sympathetically cooled
by Coulomb interaction with the cold barium ions in the
chain.
All temperature measurements are performed on bar-
ium ions using a 1762 nm fiber laser (Koheras Adjustik)
stabilized to a Zerodur-spaced reference optical cavity
with a free spectral range of 500 MHz and finesse of
31000. A complete description of the apparatus can be
found in [17, 18].
While the short-term linewidth of the 1762 nm laser
is of order 100 Hz [19], slow frequency drifts result in a
5 kHz linewidth. This is consistent with the locking sys-
tem being incapable of stabilizing the laser frequency to
better than a few kHz, while the laser itself has a narrow
linewidth. Our frequency scans take tens of minutes to a
few hours and are thus broadened, so features separated
by <15 kHz are not well resolved.
The 1762 nm laser is aligned perpendicular to the trap
z-axis, and at roughly 45 degrees to the x- and y-axes.
Thus, only the radial sidebands are present in the fre-
quency scans. The laser is focused to a 30 µm Gaussian
spot size centered at the ion chain, driving all ions with
comparable Rabi frequencies. Polarization control of the
493 nm cooling laser beam with a Pockel’s cell is used to
optically pump barium ions to the same 6S1/2 Zeeman
state at the start of each run. After the 1762 nm laser
exposure, we detect the state of each barium ion simul-
taneously with an Electron-Multiplied Charge-Coupled
Device (EMCCD) camera (Andor Luca) by imaging light
scattered by the ions on the cooling transition. If the
6S1/2 − 5D5/2 transition took place, then the ion ap-
pears dark; otherwise the ion appears bright. At the end
of each experimental run, a short pulse of 614 nm laser
light from a frequency-doubled ECDL near 1228 nm re-
turns the barium ions to the ground state.
The experimental sequence is as follows. We Doppler
cool the barium ions with the 493 nm and 650 nm lasers
for approximately 50 ms with the Pockel’s cell turned to
a high voltage. Then we discharge the Pockel’s cell to
turn the 493 nm laser polarization to be circular. The
switching time of the Pockel’s cell is approximately 1 ms,
so we wait for 5 ms to ensure full optical pumping. The
493 nm and 650 nm laser beams are then extinguished
successively, and a 1762 nm pulse is applied. Afterward,
the 493 nm, 650 nm, and Pockel’s cell are turned on for
50 ms to read out the states of the barium ions. The
experiments are repeated, varying either the frequency
of the 1762 nm during sideband scans, or the duration of
the pulse during Rabi flop experiments.
During the experiment the chain sometimes sponta-
neously reorders, due to either background gas collisions
or high chain temperature. When we detect reordering,
we discard the experimental cycle and re-establish the
chain order by performing melting and crystallization cy-
cles induced by shuttering and unshuttering the Doppler
cooling lasers.
IV. RESULTS
We perform weak excitation sideband scans over all
radial modes of all possible configurations of two bar-
ium and two ytterbium ions. The results are summa-
rized in Figure 3. The normal mode decompositions are
used to generate the data fits, as the peak frequencies are
the frequencies of the radial eigenmodes, and the relative
peak amplitudes on different ions are given by the eigen-
vector components and the average occupation numbers
(see eqn. 2). The 1762 nm carrier Rabi frequency at
each ion position is measured in a separate experiment
by performing the carrier Rabi flops with a chain of four
barium ions.
The first few sets of data (which can be found in [20]
and are not shown in Figure 3) indicated the n¯ to be 50
to 2000 times higher than the number that corresponds
to the Doppler limit for some of the normal modes, which
meant that chains under those conditions could not be
used successfully for sympathetic cooling or inter-species
quantum logic gates. Analysis of that data revealed a
correlation [20] between the maximum eigenvector com-
ponent of the cooled ion species and the measured n¯.
Noting the correlation, we search for trap and chain con-
figurations for which the eigenvector components would
be large for the cooled species in all modes. Using the nu-
merical normal mode structure calculation tool described
in the theory section, we found that lowering the trap
aspect ratio from 5.5 (used in [20]) to 2.9 increases the
normal mode eigenvector component values above the ex-
pected 0.05 “threshold ”value regardless of chain order-
ing. Some chain orderings were found to be better cooled
than the others. For example, in the BYYB configura-
tion, the maximum eigenvector component is at least 30%
lower than the maximum eigenvector component in any
other configuration.
We summarize our measurements of the radial mode n¯
as a function of the maximum eigenvector component for
both the old set [20] and the new set of data in Figure 4.
We find very large reduction in n¯ for maximum eigenvec-
tor component above approximately 0.05. These values
of n¯ correspond to normal mode temperatures between
the Doppler limit for a single trapped barium and about
40 times the Doppler limit. These values are consistent
with technical difficulties of achieving the Doppler cool-
ing limit in a lambda system such as Ba+ [21]. At low
intensities of the cooling and repump lasers, the rate of
heating from residual micromotion balances the cooling
rate well above the Doppler limit, while at high intensi-
ties the combination of power broadening and interfer-
ence effects between the cooling and the repump transi-
tions causes the minimum temperature to also increase
well above the Doppler limit.
V. CONCLUSIONS
We studied the sympathetic cooling of barium-
ytterbium chains in a linear RF trap in which only
barium is directly laser cooled. We found that reducing
the aspect ratio of the trap reduced the measured ion
temperature in all normal modes. The ion chain has
been cooled from a factor of 50 to 2000 the Doppler limit
(well outside the Lamb-Dicke regime) to within a factor
of 1 to 40 the Doppler limit, which is consistent with
4FIG. 3: 1762 nm laser scans showing ∆n = 1 sideband transitions. Two sets of radial mode peaks are present in each scan. Bold
font is used to indicate which Ba+ in the chain the spectrum was taken from. Radial mode occupation numbers are extracted
from the peak amplitudes. The vertical lines indicate the calculated frequencies of the normal modes, and the associated radial
mode occupation numbers are printed closeby. The error bars on the measured occupation numbers are statistical. The Doppler
limit for the secular frequency modes between 0.5-0.9 MHz corresponds to and n¯ of 16 − 30 for a 138Ba+. The peak sizes are
proportional to the associated n¯’s, the eigenvector component βij ’s, and the exposure time, which is not displayed but which is
adjusted to stay in the weak excitation regime. In the bottom scan a squeeze potential is applied to the trap’s RF rods, which
pushes the radial mode frequencies apart and changes the eigenvector component sizes along the two axes.
5FIG. 4: The n¯ values vs maximum eigenvector component.
The normal mode occupation number shows threshold-like
behavior. All new data in the eigenvector component range
βij > 0.05, shown in black, were taken at an aspect ratio of
2.9 except for the last set of data in Figure 3 corresponding
to the Ba-Ba-Yb-Yb configuration. Data in the range βij <
0.05, shown in blue, are taken from [20] and are not presented
in Figure 3. These data do not have uncertainty displayed
because the measured temperatures are outside the Lamb-
Dicke regime.
the cooling limitations in our setup. Our measurements
show that the radial normal mode temperature is
strongly dependent on the size of the maximum normal
mode component of the cooled species. We conclude
that in order to achieve efficient sympathetic cooling
and interspecies quantum logic gates using radial vibra-
tional modes, traps with lower aspect ratio are desirable.
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